133Xe clearance to measure cerebral blood flow (CBF) was examined in 10 dogs during cardiopulmo nary bypass, As a reference method, a continuous Kety Schmidt technique (CBFKS) with 133Xe as indicator was used, Extracranial tissue was removed to directly place the 133Xe detectors on the skull, and the head was cov ered with a 3 mm lead shield to minimize contamination of the 133Xe clearance curve with extracranial radiation, 133Xe detectors for the Kety-Schmidt technique were em bedded in a shielded brass block to minimize interference with radiation from the animal's body, 133Xe clearance data were analyzed using stochastic (CBFIO, CBFI5, and CBF1NF) and initial slope methods (CBF1S)' and the re sults were compared with CBFKS using linear regression, CBF 1 5 and CBF1NF yielded similar CBF values as CBFKS
133Xe clearance methods are widely used for ce rebral blood flow (CBF) measurements during car diopUlmonary bypass. Thereby, a bolus of 133Xe is injected into the arterial cannula of the cardiopul monary bypass circuit and the \33Xe activity of the brain is recorded by external gamma radiation de tectors (Govier et ai., 1984; Henricksen, 1986; Mur kin et ai., 1987; Woodcock et ai., 1987; Rogers et at, 1988 Rogers et at, ,1989 Brusino et ai., 1989; Greeley et ai., 1989; Aladj et ai., 1991) . As compared to the classic reference method of Kety and Schmidt (1945) , where arterial and cerebral venous concentrations of an inert tracer substance need to be determined during washin, 133Xe clearance represents a simple and relatively noninvasive way to obtain CBF. The 133Xe clearance methodology itself, however, has (CBFKS = 0,97' CBF 1 5 -2,08, r = 0.92, p < 0.01; CBFKS = 1.13 ' CBF1NF -1.21, r = 0.92, p < 0.01), CBFIO slightly overestimated CBFKS but still showed a close correlation to CBFKS (CBFKS = 0.89' CBF I O -2.58, r = 0.92, p < 0.01) and CBF1S considerably over estimated CBFKS (CBFKS = 0.60' CBF1S -1.27, r = 0.87, p < 0.01). With extracranial contamination of the 133Xe clearance curve minimized, all 133Xe clearance techniques used to measure CBF were consistently re lated to CBFKS in a constant, significant manner. 133Xe clearance therefore is a valid method to assess CBF dur ing cardiopulmonary bypass. Key Words: Brain-Blood flow-Methodology-133Xe clearance-Continuous Kety-Schmidt technique. not been validated by comparison with an indepen dent method during cardiopulmonary bypass.
The aim of the present study was to assess the accuracy of the 133Xe clearance technique in dogs during cardiopulmonary bypass using a continuous Kety-Schmidt method (Kety and Schmidt, 1945) as the reference method. We hypothesized that 133Xe clearance measurements of CBP during cardiopul monary bypass are accurate and correlate closely with CBF determined by the Kety-Schmidt tech nique.
METHODS
All animals used in these experiments received humane care in compliance with the Principles of Laboratory An imal Care formulated by the National Society for Medical Research and the Guide for the Care and Use of Labo ratory Animals prepared by the National Academy of Sci ence and published by the National Institute of Health (NIH Publication No. 80-23, revised 1978) . In addition, institutional review committee approval for this study was obtained.
In 10 unpremedicated dogs, weighing 22-26 kg, an in travenous cannula was introduced in the hind limb and an infusion of 0.9% saline (3-4 mllkg/h) was begun. Anes thesia was induced with thiopental (15-25 mg/kg), the tra chea was intubated, and the animals were ventilated with 100% oxygen to normocarbia. During the preparations for bypass, anesthesia was maintained with 1.0-1.5% halo thane. End-tidal carbon dioxide (C02) and respiratory halothane concentrations were measured continuously by infrared spectroscopy (Datex, model 254, Puritan Bennett Corporation, Wilmington, MA, U.S.A.) .
With the animal in a prone position, the occipital cra nium was dissected free from the overlying tissue. Caudal to the external occipital protuberance, a hole was drilled into the dorsal sagittal sinus, and a large bore catheter was inserted. The right and the left temporal muscles were dissected from the skull in order to place a gamma radiation detector directly over the left parietal bone and to introduce a 25-gauge temperature probe (Shiley, Inc., Irvine, CA, U.S.A.) into the brain through a small hole in the right parietal bone. This procedure enabled the re cording of 133Xe clearance curves virtually free from ex tracranial contribution. The animal was then placed in the supine position, and the head was covered with a 3 mm lead shield to minimize contamination of the 133Xe clear ance curve with radiation from the animal's body. A 7F pressure transducer-tipped catheter (Millar Instruments, Inc., Houston, TX, U.S.A.) was inserted into the femoral artery and advanced into the descending aorta distal to the left subclavian artery. A second arterial catheter was introduced into the right subclavian artery, via the bra chial artery for arterial blood gas analyses and blood re circulation for the Kety-Schmidt CBF measurement (Fig. 1) .
The central venous pressure was measured in the right atrium by the proximal port of a flow-directed pulmonary artery catheter, inserted into the pulmonary artery via the external jugular vein. After sternotomy, a bolus of fen tanyl (5 fLg/kg) and midazolam (50 fLg/kg) was given, fol lowed by continuous infusions (fentanyl:O.1 fLg/kg/min; midazolam: 1 fLg/kg/min), and halothane was discontin- ued. The cardiopulmonary bypass circuit was primed with 1,000 ml of crystalloid and 500 ml of Dextran 70. After heparin administration (300 U/kg), cardiopulmo nary bypass was instituted, draining venous blood from the right atrium and returning oxygenated blood into the proximal left subclavian artery. Membrane oxygenators (VPCML plus, Cobe, Inc., Lakewood, CO, U.S.A.) were used. The brain temperature was stabilized at a prese lected value between 27 and 37°C, cardiopulmonary by pass flow set at 1.7 Llmin/m 2 and mean arterial pressure (MAP) was maintained in the range of 55-65 mm Hg by means of phenylephrine or sodium nitroprusside infu sions, as required. By adjusting oxygen (02) and CO2 flow rates during cardiopulmonary bypass, arterial O2 partial pressure (Pa02) of 100-200 mm Hg and arterial CO2 partial pressures (PaC02) between 30 and 60 mm Hg were achieved. PaC02 was measured prior to each CBF determination and no temperature correction to the actual body temperature was performed (alpha-stat blood gas management). Brain temperature (27 to 37°C) and PaC02 (30-60 mm Hg) were varied between dogs in order to produce a wide range of CBF; within each individual dog, however, these variables were kept constant.
Cerebral blood flow measurements
Halothane was turned off at least 90 min before CBF was determined. During the entire period of CBF mea surements, mean arterial pressure, central venous pres sure, brain temperature, PaC02, and cardiopulmonary by pass flow rate were kept constant. CBF was measured first by 133Xe clearance, and immediately afterwards by the Kety-Schmidt technique, to insure a high signal-to noise ratio when measuring 133Xe clearance.
I,U Xe clearance technique. A 16 mm cadmium telluride gamma radiation detector with a wide angle (40°) collima tor (Radiation Monitoring Devices, Inc., Watertown, MA, U.S.A.) was placed directly over the left parietal bone ( Fig. I) . After the background 133Xe activity was measured for 60 s, a bolus of 3 mCi of 133Xe, dissolved in 3 ml of saline, was injected into the arterial cannula of the cardiopulmonary bypass circuit (injection time: 1-2 s) and the 133Xe washout curve was recorded for 15 min. He modynamic data were continuously recorded with a per sonal computer and custom software at a sampling rate of 0.33 Hz, and 133Xe activity was digitized as counts per minute (CPM) and recorded using 3 s epoches (Fig. 2 ). After correction for background activity, 133Xe decay curves were analyzed using the modified initial slope method (Olesen et aI., 1971 ) to compute CBFIS:
where log slope = the natural logarithm of the 133Xe clearance from 6 to 66 s after peak (Brusino et aI., 1989; Greeley et aI., 1989 ), x'g = gray matter-blood partition coefficient for 133Xe, corrected for temperature and he matocrit (Chen et aI., 1980) , and 100 converts the flow value to standard units (ml 100 g-I min-I). CBF lo , CBF I 5, and CBFINF were calculated as (Zierier, 1965; Lassen and Perl, 1979) CBFIO C(O) -C(10)
x'avg • 10 ' 100 area where C(O) = peak I33Xe CPM (time = 0), C(lO) = 133Xe CPM at 10 min, C(l5) = 133Xe CPM at 15 min, area 10 = area under the 133Xe counts-time curve from time = 0 to 10 min, area 15 = area under the 133Xe counts-time curve from time = 0 to 15 min, areaINF = area under the 133Xe counts-time curve from time = 0 to infinity, monoexpo nentially extrapolated after 15 min (using the last 2 min of data), A ayg = weighted gray and white matter tissue blood partition coefficient for I33Xe, corrected for tem perature and hematocrit (Chen et a!., 1980), assuming a gray to white matter weight ratio of 60/40 (Kappers, 1926; Olesen et a!., 1971) , and 100 converts the flow value to standard units. Continuous Kety-Schmidt method. Blood from the right subclavian artery and from the sagittal sinus was continuously recirculated to a foreleg vein at a flow rate of 600 ml/h using a dual infusion pump (Gemini PC-2, Imed, San Diego, CA, U.S.A.) (Fig. 1) . In both lines, 133Xe activity was continuously measured and recorded at an equal distance from the dog (50 cm) by 16 mm shielded cadmium telluride gamma radiation detectors and preamplifiers (Radiation Monitoring Devices, Inc., Watertown, MA, U.S.A.). Separate detectors were used to measure arterial and sagittal sinus 133Xe activity simul taneously. The detectors were placed in a custom-built solid brass block, which was additionally covered by a 3 mm lead shield to minimize contamination of the arterial or sagittal sinus I33Xe activity curves with radiation from the animal's body. Geometrically identical grooves were cut to accommodate two short segments of intravenous tubing to measure arterial and sinus sagittal 133Xe activity simultaneously from blood flowing by the detectors at identical rates and passing through identical areas of fixed geometric relation to the detector.
After a 60 s background 133Xe activity determination (from the previous clearance determination), 133Xe was continuously infused at 1 mCi/min into the arterial can nula of the cardiopulmonary bypass circuit, and arterial and sagittal sinus 133Xe activity was measured until the arterial plateau was reached (9.6 ± 2.8 min) ( Figs. 1 and  2) . The background-corrected arterial and sagittal sinus 133Xe counts were fit to a negative exponential equation (Kety and Schmidt, 1945) :
by nonlinear regression using a Marquardt procedure (Statgraphics 3.0, STSC Inc., Rockville, MD, U.S.A.), where C(t) = count rate at time t, Ca(tINF) = count rate at infinity, k = constant, and t = time.
Because the sagittal sinus (venous) CPM did not reach a true plateau during the washin period in experiments with low CBF, this was done in two steps: First, the arterial counts-time curve was fit to the arterial 133Xe counts as (6) whereby Ca(tINF)' the arterial 133Xe count rate at infinity (plateau), and Cl', the arterial 133Xe time constant, were computed by the Marquardt nonlinear regression proce dure. In a second step, the sagittal sinus 133Xe counts time curve was fit to the sagittal sinus 133Xe CPM, as suming an identical level of arterial and sagittal sinus I 33Xe counts at infinity (Kety and Schmidt, 1945; Lassen and Perl, 1979) :
where � = sagittal sinus 133Xe time constant.
Correlation coefficients for arterial and sagittal sinus counts-time curves were high (0.93-0.99) except in dog 2, where a considerable scatter in 133Xe counts caused cor relation coefficients of 0.75 and 0.85, respectively. CBF by the continuous Kety-Schmidt technique (CBFKS) was then calculated as
where C(tINF) = extrapolated 133Xe activity at infinity, area(a -ss) = area between arterial and sagittal sinus counts-time curves from time = 0 to infinity, Aays = weighted gray and white matter tissue-blood partition co efficient for 133Xe, corrected for temperature and hemat ocrit (Chen et a!., 1980), assuming a gray to white matter weight ratio of 60/40 (Kappers, 1926; Olesen et a!., 1971) , and 100 converts the flow value to standard units.
Data processing, calculations, and statistics
During the CBP measurements, mean arterial pressure and central venous pressure were digitally converted (an alog-digital converter board, model 16AP, MetraByte Corporation, Taunton, MA, U.S.A.) and recorded with a personal computer (Model 386, Compaq Computer Cor poration, Houston, TX, U.S.A.) at a sampling rate of 2 Hz. 133Xe activity was digitally counted and converted to CPM using 3 s epoches.
Statistics. CBP data were compared by linear regres sion as well as by computing the bias, i.e., the mean difference between CBPKS and 133Xe clearance-derived CBP indices. The slope, y-axis intercept, and bias were compared with their ideal values of 1, 0, and 0, respec tively, by t testing. Mean arterial and central venous pres sures, averaged over the entire CBP measurement pe riod, PaC02, PaOz, pH, measured prior to the CBP de terminations, and brain temperature were compared by means of paired t tests. p < 0.05 was considered signifi cant.
RESULTS
Mean arterial pressure, central venous pressure, PaC02, Pa02, pH, and brain temperature were identical during CBF measurement by 133Xe clear ance and during CBF measurement by the continu ous Kety-Schmidt technique (Table I) .
CBF, determined by the stochastic (height over area) method with extrapolation to infinity (CBF1NF) and CBF assessed by the continuous Kety-Schmidt technique (CBFKS)' showed a close agreement in the entire range of CBFKS values en countered in the study (Fig. 3A) . The linear regres sion analysis yielded CBFKS = 1.13· CBF1NF -1.21, r = 0.92 (p < 0.01). The y-axis intercept (-1.21 mll00 g-I min -I ) and the slope (1.13) were not significantly different from their ideal values of o and 1, respectively. Also, the bias (1.3 ± 5.5 ml 100 g-I min-I ) was not significantly different from O.
CBF
I 5 showed a close agreement with CBFKS ( Fig. 3B ). The regression line was not significantly MAP = mean arterial pressure, CVP = central venous pres sure, PaC02 = arterial CO2 partial pressure, Pa02 = arterial O2 partial pressure, pH = arterial pH, and brain temp. = brain temperature.
The differences were not significantly different from O.
J Cereb Blood Flow Metab, Vol. 12, No.1, 1992 different from the line of identity (CBFKS = 0.97 . CBF I 5 -2.08, r = 0.92, p < 0.01) and the bias (2.7 ± 5.5 mll00 g-I min-I ) was not signifi cantly different from O. CBF 1 0 slightly overestimated CBF I S, as evi denced by a bias of 5.5 ± 5.7 ml 100 g-I min -I , significantly different from O. The high correlation coefficient of 0.92, however, documented a close correlation between CBFJO and CBFKS (CBFKS = 0.89 . CBFJO -2.58, p < 0.01) (Fig. 3C) .
The initial slope method (CBF1S) overestimated CBFKS considerably (Fig. 3D) . The linear regres sion analysis yielded CBFKS = 0.60' CBF1S -1.27, r = 0.87 (p < 0.01). The slope (0.60) was significantly lower than the ideal value of 1 (p < 0.025), whereas the y-axis intercept ( -1.27 ml 100 g -I min -I ) was not significantly different from O.
The overestimation of CBFKS by the initial slope method was also evident in a bias of 15.9 ± 10.8 ml 100 g -I min -I, significantly different from the ideal value of O.
DISCUSSION
The most important finding of the present study is that the use of 133Xe clearance with stochastic curve analysis to measure CBF during cardiopulmonary bypass yields CBF values essentially identical to those determined by the continuous Kety-Schmidt technique (CBFKS) ' 133Xe clearance, therefore, is considered a valid method to assess CBF during nonpulsatile cardiopulmonary bypass. shield to minimize contamination of the 133Xe clear ance curve with radiation from the animal ' s body.
Constancy of CBF
This procedure, however, did not exclude a poten tial contamination of the 133Xe clearance curve with radiation originating from blood flow to structures such as tongue or facial areas. The high correlation between all 133Xe clearance-derived CBF indices and CBF determined by the continuous Kety Schmidt method (Fig. 3) Fig. 3A,B ) and therefore may be best suitable for the computation of CMR02; CBF I 5 has been pro posed as the most stable CBF index in a wide range of physiological and pathophysiological conditions (Obrist and Wilkinson, 1985) .
In summary, during cardiopulmonary bypass, 133Xe clearance to measure CBF has been com pared with a continuous Kety-Schmidt technique.
Based upon essentially identical CBF values ob tained with 133Xe clearance analyzed with stochas tic methods (height over area) and CBF determined by the continuous Kety-Schmidt technique, \33Xe
clearance is considered a valid methodology to measure CBF during cardiopulmonary bypass.
